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New Methodology of Online Sliding Surface
Slope Tuning PID like Fuzzy Sliding Mode
Controller for Robust Control of Robot
Manipulators
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ABSTRACT

Designing a robust controller for uncertain multi input-multi output (MIMO) nonlinear dynamical system
(e.g., robot manipulator) can be a challenging work in this research. Robot manipulators are set of links which
connected by joints, they aremultiple-input and multiple-output (MIMO), nonlinear, time variant, uncertain dynamic
systemsand are devel oped either to replace human work in many fieldssuch asin industrial or in the manufacturing.
According to the dynamic formul ation of robot manipulators, they are uncertain and have strong coupling effects
between joints. To solve this challenge, sliding mode controller is selected sinceiit is robust, stable and it works
very well in certain and fairly uncertain condition. Although this controller worksincredibly efficient, but still, it
hastwo important challenges, namely the high frequency chattering and working in uncertain situation. To reduce
the chattering with respect to stability and robustness; linear controller isadded to discontinuous (switching) part of
dliding mode controller. In this methodol ogy linear controller isused in parall el with discontinuous part to reduce
theroleof diding surfaced ope and switching (sign) function. To modify chattering free sliding mode controller in
uncertain situation PID like fuzzy logic theory is recommended in estimating the robot manipulator’s nonlinear
dynamic formulation and on-linetuning dliding surface slope.Asaresult, thiscontroller improvesthe stability and
robustness, reduces the chattering aswell and reduces the level of energy due to the torque performance aswell.

Keywords: PID likefuzzy contraller, robust sliding mode controller, onlinetuning, chattering phenomenon, robot
mani pul ator

1. INTRODUCTION

PUMA robot manipulator isaserial link six degrees of freedom manipulator which the dynamicsformulation
is highly nonlinear, time variant, MIMO, uncertain and have strong coupling effects between joints [1-6].
Designing a linear behavioural controller in order to reduce or cancel decoupling as well as to achieve
stahility, robustness and reliability are the ultimate objectives of this research. To achieve these goals, in the
first part linear controller isinvestigated but it has two limitations; the first limitation is reducing the output
velocity and acceleration while the second one is the need to design a system based on high gear ratio.

Therefore linear type controller, such asPD or PID cannot accomplish a good performance. To achieve
acceptable velocity and acceleration, linearization and decoupling without using many gears, nonlinear
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control methodology is investigated [7-11]. One of the nonlinear control methodology is the computed
torque controller. This controller works based on acceleration measurements but this method is very
expensive, and that isthe first challenge. While the second challenge is related to the accuracy of modelling
robot manipulator’s dynamic. It is very difficult to include al the complexities in the system dynamic to
obtain the accurate model. To eliminate the actual acceleration measurement and also the accurate
computation ‘burden of PUMA robot dynamic’s as well as to achieve stahility, efficiency and robustnessin
controller, diding mode controller technique is evaluated in the following part [1-2].

Conventional diding mode controller (SMC) is a reliable nonlinear controller, model base, stable and
robust. To design a controller with the presence of uncertainties and external disturbance, this controller is
astrong candidate. Even though this type of controller is working in many applications but there are three
main issues limiting the applications of conventional diding mode controller which are (i) equivalent part
related to dynamic equation of robot manipulator, (ii) chattering phenomenon and (iii) computation the
uncertainties problem in chattering free equivalent estimation sliding mode controller [12-25].

Thefirst challengeto design and apply the sliding mode controller for robot manipulator isthe equivalent
part related to highly nonlinear dynamic equation. This problem is not a simple challenge. In order to solve
this, fuzzy logic isused as parallel controller with conventional sliding mode controller acting as the model-
base fuzzy diding mode controller. In model-base fuzzy dliding mode controller, fuzzy logic controller is
used as an estimator to eliminate the dynamic uncertainties. To design fuzzy logic controller, PID like
fuzzy logic controller is evaluated. PID like fuzzy logic controller has three inputs, Proportional (P),
Derivative (D), and Integral (1), if each input has N linguistic variables to define the dynamic behavior, it
has N x N x N linguistic variables. There will be too many works to be carried out to define and write N*
rules. Hence, the speed of controller will be too low, and the design and implementation of the embedded
controller based on micro-based technology can be very difficult. To solve the number of rule base in fuzzy
model-base diding mode controller parallel strategy is evaluated based on a parallel structure of a PD-like
fuzzy controller and Pl-like fuzzy controller. Hence, the challenge of designing Pl and PD fuzzy rule tables
are supposed to be solved. However, designing two types rule tables are very difficult. The most important
reason to select PD type rule table is because of designing Pl rule table needs to the very wide universe of
discourse. To solve this challenge PID-like fuzzy controller is replaced by PD-like fuzzy controller, where
the integral termisin the output. This method isthe reason why only PD typerule table need to be designed
for PD-like fuzzy controller and PI-like fuzzy controller.

The second challenge in designing arobust sliding mode based controller isthe chattering phenomenon
and this problem can be caused by heating and oscillation in mechanical part of the system. The main
objective in this study is basically to reduce or eliminate this chattering phenomenon in order to maintain
the robustness of the system. Switching function can cause chattering but it is one of the main parts in
robust sliding mode controller design. The dliding surface slope (1) is the second factor that contributes to
chattering in sliding mode controller. Therefore, the main task in this section is to reduce or eliminate the
chattering in conventional robust diding mode controller based on design parallel linear control methodology
and discontinuous part [ 26-31]. Based on Lyapunov theory, conventional siding mode controller and linear
control methodologies are robust. Therefore based on switching theory, Lyapunov stability has been proven
in the proposed chattering-free sliding mode controller.

Uncertainties are very important challenge and cause extremely high estimation of the bounds [27-28].
To solve this problem, selecting the desired dliding surface andsign function plays a vital role and if the
dynamic of robot manipulator is derived to diding surface then the linearization and decoupling through
the use of feedback, not gears, can be redized. In this state, the derivative of diding surface can help to
decouple and linearize closed-loop PUMA robot dynamics that one expects in computed torque control.
Linearization and decoupling by the above method can be obtained in spite of the quality of the dynamic
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model of robot manipulator, in contrast with the computed-torgue control that requires accurate dynamic
model of the system. It iswell known fact that if the uncertainties are very good compensated there is no
need to use discontinuous part which creates the chattering [29-33]. To compensate the uncertainties fuzzy
logic theory is a good candidate, but design a fuzzy controller with perfect dynamic compensation in the
presence of uncertainty is very difficult. Therefore, in this research uncertainties are estimated by
discontinuous feedback control and the linear part controller is added to this part to eliminate the chattering.
To increase the bound of uncertainty fuzzy gains and dliding surface slope coefficients will be tuned via
online tuning method. The above discussion gives rational in selecting the proposed methodology in this
research.

Thisresearchisorganized asfollows; the second part isfocusing on the modeling of dynamic formulation
based on Lagrange methodology. The third part is focusing on the method of reducing error, increasing the
performance quality and increasing the robustness aswell as stability. The simulation results and discussions
areillustrated in the fourth part on the subject of tragjectory following and disturbance rejection. The last
part focuses on the conclusions and comparisons between this method and few other methods.

2. DYNAMIC MODELING OF ROBOT MANIPULATOR

A dynamic function is the study of correlation between motion and forces. Dynamic modeling is used to
illustrate the behavior of robot manipulators (e.g., nonlinear dynamic behavior), design of nonlinear
conventiond controller (e.g., conventional computed torque controller, conventional sliding mode controller
and conventional backstepping controller) and for smulation. It is used to analyse the relationship between
dynamic functions output (e.g., joint motion, velocity, and accelerations) and input source of dynamic
functions (e.g., force/torque or current/voltage). Dynamic functions is also used to explain some dynamic
parameter’s effect (e.g., inertial matrix, Coriolis, Centrifugal, and some other parameters) of a system's
behavior [3]. The equation of a multi degrees of freedom (DOF) robot manipulator is considered by the
following equation[7-10]:

[A(a)]d+[N(q,g)] =[] 1)
where t is actuator’s torque with n x 1 vector, A (q) is positive define inertia with n x n symmetric matrix
based on the following formulation;

All Alz Aln
A(g)=
@)

N(q, q) isthe vector of nonlinearity term, while gisn x 1 joints variables. If all joints are revolute, the joint

variables are angle (0) and if these joints are trandated, the joint variables are trandating position (d).
According to (1) the nonlinearity term of robot manipulator is derived as three main parts; Coriolis b(Q),
Centrifuga C(q), and Gravity G(q). Hence, the dynamic equation of the robot manipulator can be written
as|[§]:

[N(a,9)]=[V(q.9)]+[G(q)] 3
[V (a, a)] = [b(a)].[aa] +[C(a)][¢]® (4)
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©=A(Q)d+b(a)][gal+ C(a)][d]* + G(a) Q)

nx(n-1)
2

where, b(q) is a Coriolis torque matrix and is Nx matrix, C(q) is Centrifugal torque matrix and

isn x n matrix, Gravity isthe force of gravity and isn x 1 matrix, [¢q] isvector of joint velocity that it can

give by: [¢,.0,, ¢ G- or & .G,0 GGy o], @A [@]? IS Vector, that it can given by:

[ 6,656, ... ]T . According to the basic information from university all functions are derived as the
following form;
Outputs = function (inputs) (6)

In the dynamic formulation of robot manipulator the inputs are torques matrix and the outputs are
actual joint variables, consequently (7) is derived as (6);

g = function (1) @)
4= A"(q){t-N(q.9)} )
a=] A*(q).{t-N(a.q)} ©
n —_
The Coriolis matrix (b) isa Nx 5 matrix which calculated as follows;
Fbllz b113 blln bjzs bjzn bl.n—l.n—
by, o o by by oo o o b
(10)
D, o B, e e e e e b
The Centrifugal matrix (C) isn x n a matrix;
Cll Cln
C(q): : o (11)
Cnl Cnn
The Gravity vector (G) isan x 1 vector;
9
9,
G(q)=
9,

According to [8-11], the dynamic formulations of six Degrees of Freedom seria links PUMA robot
manipulator are computed by;
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Based on [8] the Coriolis () matrix elements are;

bllZ bll3 O bllS b123
b235
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According to [8] Centrifugal () matrix elements are;
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0 C, C, 00O
cC, 0 C, 00O
C, C 0O 00O
C(q): 31 32
0O 0 O 00O (16)
C, C, 0 00O
|0 0 0 0 0 0
Gravity (G) Matrix elements are [8];
0
G,
G
[G(q):|6xl: 03
(17)
G
_O -

3. METHODOLOGY

Sliding Mode Controller (SMC) is a robust and nonlinear conventional controller in a partially uncertain
parameters of a dynamic system. Applications such as in aerospace, robotics, process control and many
more are using this conventional nonlinear controller. Using this controller can resolve the challenge of
stability and robustness in control theory [18-22, 34-41]. The main idea to design dliding mode control is
based on the following formulation;

T (q,t) if §>0
T(q’t):{*ci‘(q,t) if S<0

where S is diding surface (switching surface), i = 1, 2, ... ... , n for n-DOF robot manipulator, t(q, t) isthe
i torgue of joint. The dynamic formulation of nonlinear single input system can be defined as [7, 42-48]:

(18)

x™ = f(X)+b(X)u (19

In Eq. (19) uisthe vector of control input, X* isthe n derivation of X, x=[x, X, % ..., xX"™]" isthe state
vector, f(x) is unknown or uncertainty, and b(x) is known switching (S GN) function. Designing a dliding
mode controller ismainly to achieve high speed train and high tracking accuracy to thedesired joint variables;
Xy =[ %4, %y, %00, %, P17, @ccording to actual and desired joint variables, the trucking error vector is
defined by [7]:

X=Xy — X, = [%., X (20)

According to the theory of dliding mode controller, the main important part to design this controller is
the diding surface, where the time-varying diding surface s(x, t) in the state space R" is given by the
following formulation [7]:

s(x1) =(%+ x) %=0 (21)



New Methodology of Online Sliding Surface Slope Tuning PID like Fuzzy Sliding Mode Controller 2657

Based on Eg. (21) A is the diding surface slope coefficient and it is a positive constant. The dliding
surface can be defined as Proportional-Derivative (PD), Proportional-Integral (Pl) and the Proportional-
Integral-Derivative (PID). The following formulations represented the three groups are [7]:

S, = et é (22)
d .\
s(x,t):(a+k) (joxdt)=o 23)
7\’ 2
S, =\e+ (E) Je (24)
Sop =Ae+e+ (&)zje (25)
2

Integral part of diding surface is used to decrease the steady state error in diding mode controller. In
order to gain stability and minimum error in sliding mode controller, the diding surface slope s(x, t) is kept
near to the zero. One of the common strategies is by finding input U outside of s(x, t) [49-56].

1d

SqS b)< —C[s(x.t)] (26)
In EQ. (26) ¢ is a positive constant.

If S(0)>0— S(t) < (27)

In Eq. (27) derivative term of (s) is eliminated by limited integral fromt=0tot =t

reach

t=tieach - t=t each
Jioy SO = =[ "1 —> Sltraen) = SO £ L =0) 29
InEq. (28) t . isthetime that trajectories reach the sliding surface. If S¢____, = 0 the formulation of
t...0n Calculatedby;
S0
0-S(0) £ N(t,ers) = troaen < % (29)
In (29) if S0) <0
S(0)
0- S(O) S _n(treach) - S(O) < _C(treach) - treaCh = | n | (30)

According to Eqg. (29) the formulation of Eq. (30) ensures that time to reach the diding surface is

S(0)
smaller than u since the trajectories are outside of t).

G

f§_ =S(0)—error (x-x,)=0 (31)

According to the above discussion, formulation of diding surface (S) can be defined as

s(x,t):(%+k)f(:()‘(—xd)+k(x—xd) (32)
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The change of diding surface (S) is;

S=(%—%)+A(X=%,) (33)
According to the formulation of the second order system, one easy solution to get the diding condition
when the system dynamics have uncertain parametersor externa disturbance isby manipulating the switching
control law, where:
U = K(X,t).sgn(s) (34)
In EqQ. (34) the switching function sgn(s) is defined as [3, 7]

1 s>0

sgn(s)=<-1 s<0 (35)
0 s=0

In Eq. (34) the K(X,t) isthe positive constant and based on Egs. (22), (24) and (25) the dliding surface
can be PD, PI and PID. According to above formulation, the formulation of sliding mode controller for
robot manipulator is[3, 7];

T=Te + Ty (36)

In EQ.(36) Teq is equivalent term of dliding mode controller and this term is related to the nonlinear
dynamic formulation of a robot manipulator. Conventional sliding mode controller is reliable controller
based on the nonlinear dynamic formulation (equivalent part). The switching discontinuouspart is introduced
by t, Which are the important factors for the controller in terms of resistance and robustness. In serial links
of six axes robot manipulator the equivalent part is written as follows;

T =[ A™(a)x(N(q,d))+ S|x A(q) (37)

In Eq. (37) the nonlinear term of N(q,q) s,

[N(aa)]=[V(a.q)]+[C(a)] (39)
[V (a.a)]=[b(a)][aa] +[C (a)][a] (39)
In PD diding surface, based on Eq. (22) the change of diding surface is calculated as,
S, =he+e— S, =he+é (40)
While the discontinuous switching term (z ) is computed as [3];
Tgs = K -sgn(S) (41)
Based on Eq. (41) and Eq. (22);
Taspp = K-SON(Ae+€) (42)

According to Eq.(41) and Eq. (24);

7\‘ 2
Thispl = K-sgn[ke+ (E) _[e] (43)
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By replacing (25) in (41) the discontinuous switching part will be;

(Y
Thspp = K .sgn[ke+ e+ (E) _[e] (44)

According toEgs. (37) and (41);

T="Tq+K-sgn(S) = [A‘l (a)x(N(a,q))+ S] x A(Q)+ K -sgn(S) (45)
According to Egs. (42) and (45) the formulation of PD-SMC is,

Top_aic = K -sgn(he+¢) + [A‘l (a)x(N(a,q))+ S] x A(Q) (46)
Figure 1 shows the PD diding mode controller for seria links robot manipulator.

In sliding mode controller selecting the desired sliding surface ands:gx function have a significant
effect to system performance and if the dynamic of robot manipulator is derived to diding surface then the
linearization and decoupling through the use of feedback, not gears, can be realized. In this state, the
derivative of diding surface can help to decoupled and linearized closed-loop PUMA robot dynamics that
one expects in computed torque control. Linearization and decoupling by sliding mode controller can be
obtained in spite of the poor quality of the robot manipulator dynamic model, in contrast to the computed-
torque control that requiresthe exact dynamic model of asystem. Asaresult, uncertainties are estimated by
discontinuous feedback control but it can cause to chattering. To reduce the chattering in presence of
switching functions; linear controller is added to discontinuous part of diding mode controller. Linear
controller isone type of stable controller and so isthe conventional diding mode controller. Inthe proposed

[s]‘.; : ['.{u]Ovl
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p— .
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\ 4
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Wea [tN]Q-l

A EOICN - Ix - g
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Figure 1: Block diagram of PD diding mode controller for robot manipulator
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methodology, PD, Pl or PID linear controller is used in parallel with discontinuous part to reduce the role
of diding surface slope as main coefficient. The formulation of new chattering free diding mode controller
for robot manipulator is recommended as;

= Teq + Tdis—new (47)

In Eqg. (47) Teg is equivalent term of sliding mode controller and this term is related to the robot
manipulator’s nonlinear dynamic formulation. The new switching discontinuous part is introduced by
T,e.ney AN this item is the important factor to resistance and robustness in this controller. In PD dliding
surface, based on Eq. (5) the change of diding surface is calculated as;

S, =he+e— S, =he+é (48)
The discontinuous switching term (z ) is computed as [3, 57];
Tyornew = Ko SIN(S) + K,.S (49)
Based on Eq. (49) and Eq. (8);
Ty pronew = Ka -SON(Ae+€)+ K, - (Ae+€) (50)

According to Eq.(37) and Eq.(49);
T= T+ K, -sON(S) ++K, - S
=[ A (a)x(N(q,0))+ S]x A(a)+ K, -sgn(S) + K, - S (51)
According to Eq.(50) and Eq. (51) the formulation of PD-SMC is;
Too_suc_nen = Ka-SIN(Ae+€)+ K, - (Ae+€)

+[ A7 (@)x(N(0.4))+S]x Ala) (52)
Figure 2 shows the new chattering free PD diding mode controller for serial links robot manipulator.

Robot [Qa]s- 1
Manipulator
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. (€@ )ea v
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Figure 2: Block diagram of chatter-free Parallel Linear PD diding mode controller for robot manipulator
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Conventional diding mode controller works based on manipulator dynamic model. Based on equivalent
part in conventional nonlinear controllers in complex and highly nonlinear systems, these controllers
encounter many problems for accurate responses because these type of controllers need to have accurate
knowledge of dynamic formulation of the system. The nonlinear dynamic formulation problem in highly
nonlinear system (e.g., robot manipulator) can be solved by means of fuzzy logic theorem. The system
dynamics are estimated using Fuzzy logic theory. Thistype of controller hasmathematical-free plant dynamic
parameters. Despite of being used in many applications, pure fuzzy logic controllers have problemsin pre
sense of uncertainty condition (robust) and pre-define the inputs/outputs gain updating factors. To solvethe
equivalent challenge especially in uncertain system, fuzzy sliding mode controller employs the following
formulation:

T = | A7 (a)x(N(a,0))+ S| x Aq) (53)

When system works in uncertainty, the nonlinearity term of robot manipulator is not equal to equivalent
term of diding mode controller. To solve this challenge in this research PID like fuzzy logic controller is
recommended as follows;

TGQ— fuzzy estimate = (I:A_l (q) X ( N (q7 q)) + S:I X A(q)) + U PID- fuzzy (54)
Therefore the formulation of model-based PID like fuzzy diding mode controller will be;

Teo_sucnen = Ko -SON(Ae+€)+ K, - (Ae+ &)+

([A_l(q)x(ﬂ (0,4))+ S]x A(q)) (55)

PID like fuzzy logic controller has three inputs, Proportional (P), Derivative (D), and Integrator (1), if
each input defined by N linguistic variables to estimate the dynamic behavior, it has N x N x N linguistic
variables. Designing fuzzy controller based on N rule base for each link causes creation of lots of challenges
in real time application. PID like fuzzy logic controller, parallel PD and Pl strategy are recommended in
order to reduce the number of rule base. According to this algorithm, designing the same PID controller
will have 2N? number of rule base for each link. Thistechnique reduces the number of rule base as compared
to PID like fuzzy logic controller. After solving the first challenge of reducing the number of rule base in
PID like fuzzy logic controller, the second challenge appears. To design parallel PD and Pl like fuzzy
controller, two types of fuzzy rule table should be designed. Designing two types of rule tables are very
difficult and requires agood deal of experience. Thus, inthisresearch the PI-like fuzzy controller isreplaced
by PD-like fuzzy controller with the integral term in the output. As aresult, researcher can design PID like
fuzzy logic controller based on PD rule table and 2N?rule base.

According to fuzzy logic methodology definition;

56
e,J'e,e (56)
where 07 is gain updating factor and ((x) is defined by;
Zin (%)%
=727
% (x) 57)

And the p(x) parameter is membership function.
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A fuzzy logic controller is a nonlinear controller and this type of nonlinear controller does not require
the dynamic model of nonlinear system to be controlled. Therefore this method can be applied to nonlinear
system control (ie. robot manipulator) without determining the nonlinear dynamic model and solve the
complicated equations. Figure 3 illustrates the general structure of the PID like fuzzy logic controller,
which consists of two main components. The PID like fuzzy logic controller is built using PD like fuzzy
logic controller and PI like fuzzy logic controller. PD like fuzzy controller and PI like fuzzy controller are
designed based on PD fuzzy rule base. Thus, the PID likefuzzy controller is designed based on the following
formulation;

Kp 1 Kp N
UPID:UPI+UPD: 7 Xe+Ki ?Jedt + 7 Xe+KVe (58)

Un eras = | (S50°C(3), , (207 (¥),, | (59

PID like fuzzy logic controller consists of the following parts;
» Choosing inputs
 Scaling inputs

Input fuzzification (binary-to-fuzzy[B/F] conversion)

Fuzzy rule base (knowledge base)

* Inference engine

Output defuzzification (fuzzy-to-binary[F/B] conversion)
» Scaling output

Define the inputs and control variables: In PID-like fuzzy controller, error and change of error are used
to define the controllers inputs. Therefore the antecedent part of rule base is divided into two parts. These

[qdl

PD-Like

Fuzzy Logic b +
Controller

(qa)
» System >
™ PD-Like
Fuzzy Logic p : .
Controller
>

Figure 3: Design of PID like fuzzy controller
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parts are the fuzzy controller inputs which consists of error (e) and change of error (&) and the fuzzy

controller outputs which comprises the PD fuzzy output (U and Pl fuzzy output (U

PD—fuzzy) Pl —fuzzy) '

Scaling variables and Input fuzzification (binary-to-fuzzy [B/F] conversion):

The proposed PID like fuzzy logic controller has two inputs, ie. error and change of error and two
different output, ie. PD fuzzy output and Pl fuzzy output. Error is defined as seven linguistic variables:
Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (Z), Positive Small (PS), Positive
Medium (PM), Positive Big (PB). Based on experience, the range of scaling factor for error is[-0.1 t0 0.1]
and it is quantized into eleven levels as follow: e = {0.1, —-0.08, —0.06, —0.04, —0.02, 0, 0.02, 0.04, 0.06,
0.08, 0.1}. The linguistic values for change of error are: Negative (N), Zero (Z) and Positive (P) and the
range of scaling factor for change of error is[—1 to 1] and it is quantized into eleven levelsas. ¢ ={-1, —
0.8, -0.6,-0.4,-0.2,0, 0.2, 0.4, 0.6, 0.8, 1}. The linguistic variables for PID like fuzzy logic controller’'s
output are divided into two main parts, PD like fuzzy logic controller and PI like fuzzy logic controller
which, the linguistic variables for output PD like fuzzy logic controller and PI like fuzzy logic controller
are: Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (Z), Positive Small (PS),
Positive Medium (PM), Positive Big (PB) and the scaling factor for them are [-1.5 to 1.5].

Fuzzy rule Base: The main approach comes from an expert knowledge of system, where fuzzy controller
is one of the expert system that is able to solve the control problem. According to fuzzification, the error
has seven linguistic variables, the change of error hasthree linguistic variables and the PD fuzzy output and
PI like fuzzy logic controller have seven linguistic variables. Therefore PID like fuzzy controller has 42
rule-bases. The PID like fuzzy rule table is shown in Table 1.

Tablel
Ruletablein PID like fuzzy logic controller
{ PB PM PS z NS NM NB
e
P NB NB NB NB NM NS z
z NB NM NS z PS PM PB
N z PS PM PB PB PB PB

Inference Engine (Fuzzy rule processing): In this research 42 rule base Mamdani fuzzy inference engine
is used as fuzzy rule processing.

Defuzzification: Defuzzificationisthe last step to design fuzzy logic controller and it isused to transform
fuzzy set to crisp set. In PID like fuzzy logic controller COG method is used for defuzzification.

According to the dynamic formulation of robot manipulators, they are uncertain and there are strong coupling
effects between joints. Conventiona diding mode controller works based on manipulator dynamic model. This
controller hastwo important subparts, which are namely the switching part and equivaent part. Equivaent part
of diding mode controller is used to eiminate the decoupling and nonlinear term of dynamic parameters of each
link. Even though the equivalent part is very essentid to reliability in uncertain condition or highly nonlinear
dynamic systemsit can cause some problems. Therefore, to solve this challenge the PID fuzzy logic controller is
used asaparale controller with diding mode controller asamodel-based PID like fuzzy diding mode controller.
To solve the number of rule base in fuzzy modd-base diding mode controller, pardlel strategy is evaluated
based on pardle structure of the PD-like fuzzy controller and Pl-like fuzzy controller. Both PD and PI fuzzy
controller are extracted from PD rule table. Therefore PI like fuzzy controller is replaced by PD-like fuzzy
controller with the integra term in the output. Therefore proposed model-based PID like fuzzy diding mode
controller is recommended based on PD fuzzy rule table with reduced number of rule base.
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Based on conventional diding mode controller;

Tpp_svc—new = Tpis-new T Teg (60)
Therefore t,_, ., is caculated by;
Toisraw = Ky -SON(Ae+€)+ K, - (Ae+€) (61)
And Ty is obtained by;
T = A%(0)x(N(a.6))+ S |x Aq) (62)

PID like fuzzy dliding mode controller is recommended to solve the equivalent challenge especialy in
uncertain system. The formulation of PID like fuzzy diding mode controller is;

TPID like fuzzy-new = TDierew + (Teq + TPID Iikefuzzy) (63)
N T e fuzsy inputs are error (e) and change of error (€) while the fuzzy controller output is PD fuzzy
output (UPD_fUZZy) and PI fuzzy output (U, ).
Ueio likefuzy =Yt ke fuzy T YUpp ke fuzy = [(Z“il eTC(X))eJe, + (2:\:1 GTQ(X))eyé] (64)
According to the above formulation;
(Teq + TPIDIikefuzzy) = I:A_l (Q) X ( N (q, Q))"‘ S] X
A(q)+[(zrileTc(x))eJe+(2.“:16Tc(x))e,e] (65)

TPID like fuzzy SMC—new — Ka ) Sgn(ke+ e) + Kb : (7\494' e) +

([A—lm) <(N(@.0) + 8] Afa)+ Aa)+| (22,070 00) 1, + (32 GTQ(X))‘*D >

The above algorithm describes that to design the same PID controller the number of rule base
required for each link is2 x N x M. Where N is the number of linguistic variables for error and M isthe
number of linguistic variables for change of error. According to this technique, the number of rule
base is reduced with respect to PID like fuzzy logic controller. In this research N is equal to seven
variables namely the Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (2),
Positive Small (PS), Positive Medium (PM), Positive Big (PB) and M isthree variables, Negative (N),
Zero (Z) and Positive (P).

Figure 4 illustratesthe PID like fuzzy sliding mode controller. The PID like fuzzy sliding mode controller
can be updated based on online tuning diding surface dope. In order to reduce the online computation
burden, the PID like fuzzy logic controller is also used in diding surface sope online tuning. Figure 5
illustrates the structure of online tuning of diding surface slope PID like fuzzy diding mode controller.

Referring to Figure 5, PID like fuzzy logic controller is used to increase the system stability in presence
of system uncertainty.

S,, = Ae+e (67)

kupdale = 7\’ X TPID like fuzzy (68)
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Figure 4:Design PID like fuzzy sliding mode controller

s =15 (S0, , (2107 (e (©9)

Where A is online tuning of dliding surface dope using PID like fuzzy logic controller. According

update

to Eq. (68) the modified online tuning dliding surface slope PID like fuzzy sliding mode controller is;

T Modify PID like fuzzy SMC—new = I - SIN (kupdatee+ é) + K, - (kupdatee+ é) +
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([A-l (c) % (N (a.0))+ ] x Aa) + [(2.“11 () (20 eTC(X))‘*“’D "

4. RESULTSAND DISCUSSIONS

In this section, a robot manipulator is used as a benchmark model to evaluate the control algorithms. The
following managements are being compared: online sliding surface dope tuning PID like fuzzy diding
mode controller and offline diding surface dope tuning PID like fuzzy dliding mode controller. Both
controllers are applied to a 6-DOF serial links robot. The simulation was implemented in MATLAB/
SIMULINK environment.

Comparison of the Tracking Data and Information: Based on the formulation of PID like fuzzy dliding
mode controller formulation, discontinuous controllersgain (K ) linear controllersgain (K, ), PD gain updating
factors (Kp oo K, and K ), Pl gain updating factors (Kp -» K and K ) and dliding surface sope (1) are
giving significant impact on the system’s performance. Sliding surface slope is the main coefficient to
design conventional sliding mode controller, parallel linear chattering free diding mode controller and PID
like fuzzy dliding mode controller. Hence, to improve the controller’s performance as well as to increase
the controller robustness, online tuning diding surface dope is recommended. In uncertain situations,
diding surface slope can perform online tuning by means of PID like fuzzy logic controller. According to
this theory, the performance of online tuning is better than offline tuning PID like fuzzy dliding mode
controller.

The trgjectory following of 6 DOF for online sliding surface slope tuning PID like fuzzy dliding mode
controller and off line tuning surface slope tuning PID like fuzzy diding mode controller are compared in
Figure 6. Based on Figure 6, both controllers can eliminate the chattering and oscillation in certain situation.
In rise time point of view, offline PID like fuzzy sliding mode controller isfaster than online PID like fuzzy
diding mode controller because the rise time in offline PID like fuzzy sliding mode controller is 0.48
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Figure 6: Trajectory following: Offline PID like fuzzy SMC and online PID like fuzzy SMC
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second while in online PID like fuzzy sliding mode controller is 0.50 second. In error point of view, online
PID likefuzzy diding mode controller is better than offline PID like fuzzy dliding mode controller. According
to Figure 6, online PID like fuzzy diding mode controller has accurate trajectory response and it can
eliminate the chattering as well as reduce the error.

Comparison of diding surface (S): Figure 7 shows the dliding surface in offline dliding surface sope
tuning PID like fuzzy diding mode controller and online diding surface slope tuning PID like fuzzy diding
mode controller. According to the following graphs, both methods have about the same diding surface
trajectories and these tragjectories are zero.

Based on Figure 7, diding surface of offline dliding surface dope tuning PID like fuzzy diding mode
controller and online dliding surface slope tuning PID like fuzzy diding mode controller are spike free,
which prove the stability.

Comparison of the actuation torque (t): The control input, forces the robot manipulators to track the
desired trgjectories. Figure 8 shows the torque performance in offline diding surface slope tuning PID like
fuzzy diding mode controller and online sliding surface slope tuning PID like fuzzy sliding mode controller.
According to the following graphs, both controllers have steady and stable torque performance.

Referring to Figure 8, the amplitude of the control forces in conventional diding mode controller is
much larger than offline and online diding surface dope tuning PID like fuzzy diding mode controllers. In
the control forces, smaller amplitude means less energy. Therefore, offline and online dliding surface dope
tuning PID like fuzzy diding mode controllers require less energy than the conventional sliding mode
controller.
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Figure 7: Comparison of diding surface: Offline PID like fuzzy SMC and online PID like fuzzy SMC
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Comparison of disturbance rejection: The power of disturbance rejection is very important to robust
checking in these two types of controllers. In this section the trgjectory accuracy, diding surface and torque
performances are tested under uncertain condition. A limited white noise with 30% amplitude is applied to
offline dliding surface dope tuning PID like fuzzy diding mode controller and online diding surface slope
tuning PID like fuzzy dliding mode controller in order to test the disturbance rejection band. The trajectory
accuracy, dliding surface and torgque performance are shown in Figures 9 to 11.

According to the above graphs, online tuning sliding surface slope tuning PID like fuzzy diding mode
controller is more stable as compared to online tuning dliding surface slope tuning PID like fuzzy diding
mode controller. In the presence of uncertainty, online tuning estimates the sliding surface slope using PID
like fuzzy logic controller. Whereas offline diding surface slopetuning PID like fuzzy diding mode controller

has moderate fluctuationsin the presence of uncertainty. Figure 10 showsthe diding surfacein the presence
of uncertainty.

The above graphs prove that, even though offline tuning diding surface slope tuning PID like fuzzy
sliding mode controller can eliminate the chattering, it still has fluctuations during the presence of
uncertainties. Thisisthe main challenge in offline tuning dliding surface slope tuning PID like fuzzy diding
mode controller, where diding surface ope cannot adjust the diding surface in the presence of uncertainty.
Again, referring to the above graph, online tuning diding surface slope tuning PID like fuzzy dliding mode
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controller is more robust than the offline tuning diding surface dope tuning PID like fuzzy diding mode
controller, where the amplitude of fluctuation is near to zero. Figure 11 shows the torque performance in
the presence of uncertainty.

Based on the above graphs, offline tuning diding surface dope tuning PID like fuzzy dliding mode
controller has moderate oscillation in the presence of uncertainty. According to the above three graphs,
online tuning diding surface slope tuning PID like fuzzy diding mode controller is more stable than the
offline tuning dliding surface slope tuning PID like fuzzy diding mode controller because it has online
tunable gain.

Tracking error comparison: This part is used to test the controller joint variable accuracy. Figure 12
shows the steady state error in online tuning dliding surface slope tuning PID like fuzzy dliding mode
controller and offline tuning diding surface slope tuning PID like fuzzy sliding mode controller. According
to thisFigure, offline tuning dliding surface slope tuning PID like fuzzy sliding mode controller hasirregular
fluctuations but online tuning sliding surface sope tuning PID like fuzzy sliding mode controller has
steady stability.

According to Figure 12 above, even though the online tuning sliding surface slope tuning PID like
fuzzy dliding mode controller and offline tuning dliding surface slope tuning PID like fuzzy dliding mode
controller have about the same error trajectory, but the online tuning sliding surface slope tuning PID like
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Figure 11: Comparison of the actuation torque:
Offline PID like fuzzy SMC and online PID like fuzzy SM C in the presence of uncertainty
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fuzzy sliding mode controller is found to be more robust than offline tuning diding surface slope tuning
PID like fuzzy diding mode controller.

Figure 13 shows root means square (RMS) error in the presence of uncertainty for online tuning dliding
surface dope tuning PID like fuzzy sliding mode controller and offline tuning dliding surface sope tuning
PID like fuzzy diding mode controller.Based on Figure 13, offline tuning diding surface slope tuning PID
like fuzzy diding mode controller has more position deviation than online tuning sliding surface slope
tuning PID like fuzzy sliding mode controller.

5. CONCLUSIONS

According to the dynamic formulation of robot manipulators, they are uncertain and have strong coupling
effects between joints. To solve this challenge, online dliding surface slope tuning PID like fuzzy diding
mode controller is selected because this type of controller is robust, stable and works very well in certain
and uncertain situations. In the proposed method, the chattering effect as well as the steady state error can
be eliminated by adding the linear control theory to discontinuous part. While to reduce the number of rules
in fuzzy logic method, PD like fuzzy controller plus Pl like fuzzy controller isused asaPID controller. In
this research, the diding surface slopes are tuned online based on PID like fuzzy logic controller, and fuzzy
logic controller is used in dynamic estimation and also online tuning. In they degrees of freedom robot
manipulator, if x membership functions are defined for each input variable, the number of fuzzy rules for

each joint of robot manipulator iszx = which meansit is obviously decreased.
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